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Summary 

A wind-tunnel investigation has been made in 
both the Langley 7- by 10-Foot High-Speed Tunnel 
and the Langley Low-Turbulence Pressure Tunnel to 
define the subsonic aerodynamic characteristics at a 
Mach number of 0.3 of a lifting-body configuration 
(the HL-20) proposed as a possible future manned 
spacecraft. The configuration has a low- aspect- ratio 
body with a flat undersurface. Three fins (a small 
centerline fin and two outboard (tip) fins set at a di- 
hedral angle of 50°) are mounted on the aft body. 
The control system consists of elevon surfaces on the 
outboard fins, a set of four body flaps on the upper 
and lower aft body, and an all-movable center fin. 
The results of the study indicated that the model 
was longitudinally and laterally stable about an es- 
timated center-of-gravity position at 54 percent of 
the body length. Both elevons and body flaps were 
capable of trimming the model to angles of attack 
from —2° to above 20°. The maximum trimmed lift- 
drag ratio was 3.6. Replacing the baseline flat-plate 
tip fins with airfoil tip fins increased the maximum 
trimmed lift-drag ratio to 4.2. The elevons were ef- 
fective as a roll control, but they produced about as 
much yawing moment as rolling moment because of 
the tip-fin dihedral angle. The body flaps produced 
less rolling moment than the elevons and only small 
values of yawing moment. The tip-fin dihedral an- 
gle was varied from 90° to 0°. The baseline dihedral 
angle of 50° was determined to be a reasonable com- 
promise for longitudinal and lateral stability, longi- 
tudinal trim, and performance at subsonic speeds. 

Introduction 

The National Aeronautics and Space Adminis- 
tration is investigating a number of configurations 
as possible manned spacecraft. Two of the current 
NASA mission studies are the Assured Crew Return 
Capability (ACRC) program (refs. 1 and 2) and the 
Personnel Launch System (PLS) program (refs. 3 to 
7). The ACRC program provides for a safe emer- 
gency return to Earth for the Space Station Freedom 
crew. For this purpose, one or more return vehicles 
are docked at the Station ready for immediate use. 
The vehicles are to be carried to the Space Station in 
the 15- by 60-ft cargo bay of the Space Shuttle. The 
PLS, on the other hand, will be used to augment 
the Space Shuttle capabilities in the transportation 
of crew members to and from the Space Station. The 
PLS vehicle will be independently launched with an 
expendable booster and will return to Earth after 
exchanging crew members. 

One of the candidate configurations under study 
\for both the ACRC and the PLS programs is a lifting- 


body shape. The lifting body was chosen because 
it is volumetrically efficient and can generate lift to 
allow a low-deceleration atmospheric entry and hor- 
izontal landing. The configuration was designed to 
have moderate lift-drag values over the speed range. 
Moderate hypersonic lift-drag values give the vehi- 
cle a performance margin to deviate from its bal- 
listic flight path to reach a suitable landing site or 
recovery area. At subsonic speeds, the lift-drag val- 
ues should be sufficient for the vehicle to complete 
a conventional horizontal Shuttle-like landing. The 
lifting-body configuration of this investigation, desig- 
nated the HL-20, consists of a low-aspect-ratio body 
with a flat undersurface and blunt base. Center and 
outboard fins are mounted on the upper aft body. 
The outboard fins are rolled outward from the ver- 
tical 40° (50° from the horizontal). Control surfaces 
are mounted on the outboard fins and aft body. 

A series of wind-tunnel investigations has been 
undertaken to define the aerodynamic and aero- 
thermodynamic characteristics of the HL-20 across 
the speed range from low-subsonic to hypersonic 
speeds (refs. 8-12). The present test was initiated 
to obtain additional subsonic aerodynamic informa- 
tion on the HL-20. Control effectiveness, Reynolds 
number effects, tip-fin dihedral effects, and tip-fin 
airfoil effects were studied. The resulting informa- 
tion was added to the aerodynamic data base for use 
in computer simulation of the vehicle flight behavior. 
The current tests were conducted in both the Lang- 
ley 7- by 10- Foot High-Speed Tunnel (7 x 10 Tun- 
nel) and the Langley Low- Turbulence Pressure Tun- 
nel (LTPT) at a Mach number of 0.3. The Reynolds 
number, based on body length, ranged from 3.4 x 10 6 
in the 7 x 10 Tunnel to 22.3 x 10 6 in the LTPT. 
The model was tested over a nominal angle-of-attack 
range of —2° to 30° at sideslip angles of 0° and 4°. 

Symbols 

The longitudinal data are referred to the stability- 
axis system and the lateral-directional data are re- 
ferred to the body- axis system (fig. 1). All coeffi- 
cients are based on the dimensions of the basic body 
without fins. The data are normalized by the plan- 
form area, length, and span of the body. The moment 
reference center was located at the vehicle center of 
gravity, which is at 54 percent of the body length 
from the nose and 0.08 percent of the body length 
above the flat lower surface. 

b body span, in. 

Cp drag coefficient, Drag/^SVgf 

Ci lift coefficient, Lift/(?5 re f 


Ci rolling-moment coefficient, 

Rolling moment /qS Te f b 

C l(3 = AC/ /A/3, taken at /3 = 0° and 4°, 
per degree 

C m pitching- moment coefficient, 

Pitching moment /qS Te fl 

Cj i yawing-moment coefficient, 

Yawing moment /qS re {b 

Cnp = ACri/A/3, taken at ft = 0° and 4°, 

per degree 

C p pressure coefficient, (pi 0C al ~ Poc)/q 

Cy side-force coefficient, Side force/ qS re { 

Cyj = ACy/A/3, taken at (3 = 0° and 4°, 
per degree 

c chord 

FS fuselage station 

L/D lift-drag ratio 

l body length, in. 

M Mach number 

p pressure, lb/in 2 

q free-stream dynamic pressure, lb/in 2 

R Reynolds number 

S re f basic body planform area (excluding 

fins), in 2 

X longitudinal body axis 

Y lateral body axis 

a:, y coordinates of X and Y axes, respec- 

tively, of tip fins 

Z vertical body axis 

a angle of attack, deg 

(3 angle of sideslip, deg 

T tip-fin dihedral angle (measured from 

the horizontal), deg 

A increment 

6 a aileron (differential pitch) control 

deflection angle, {$ e ,L ~ ^e,i?)/2 or 

( 5 BF,L - ^BF dc S 

body-flap deflection angle (positive 
when deflected downward), deg 

6 e elevon deflection angle (positive when 

deflected downward), deg 


8 r rudder deflection angle (positive when 

trailing edge deflected left), deg 

Subscripts: 

basic baseline configuration (no control 

deflections) 

L left 

max maximum 

R right 

trim trimmed condition (zero moment) 

oc free stream 

Description of Model 

Sketches of the model are presented in figure 2, 
and a photograph is presented in figure 3. Model 
dimensional information is given in table I. The 
aluminum model was a 0.059-scale representation of 
a 29.15-ft-long vehicle. The configuration consisted 
of a low-aspect-ratio body with a flat undersurface 
and a blunt base. Three fins were mounted on the 
upper aft portion of the model. The centerline fin was 
relatively small, and the larger outboard fins were set 
at a dihedral angle of 50°, a toe-in angle of 1.25°, and 
an incidence angle at the body intersection of 6.6°. 
The baseline fins had a thick flat-plate cross section 
with a cylindrical leading edge and blunt trailing edge 
(fig. 2(e)). 

Control surfaces, referred to as “elevons,” made 
up the trailing edges of the outboard fins. In addi- 
tion, the model had four body-flap control surfaces, 
two on the upper body and two on the lower body. 
Their surfaces were flush with the body contour and 
could only be deflected outward. For positive body- 
flap deflection, the lower body flap was deflected 
downward while the upper body flap remained un- 
deflected. For negative body deflection, the upper 
body flap was deflected upward while the lower body 
flap remained undeflected. During the current test, 
only the left elevon or left upper or lower body flap 
was deflected. Control deflections of 0°, —10°, 10°, 
—20°, 20°, —30°, and 30° were tested. The dihedral 
angle of the outboard fins was varied by replacing 
the original (T — 50°) fins with those having dihe- 
dral angles of 0°, 25°, 75°, and 90°. 

An alternate set of outboard tip fins with an air- 
foil cross section was tested. The airfoil tip fin is 
shown in figure 2(e) and has a slightly different plan- 
form from that of the flat-plate fin, but it retained 
the dihedral angle, toe-in angle, and incidence angle 
of the baseline. The airfoil fins were 8-percent thick 
at the root and 12-percent thick at the tip. The air- 
foil coordinates are presented in table II. A speed 
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brake configuration was investigated that simulated 
aft-body side-mounted panels hinged at the forward 
end and deflected 45°. 

Apparatus, Test, and Corrections 

Tests were conducted in both the 7 x 10 Tun- 
nel and the LTPT. The 7 x 10 Tunnel is a subsonic 
closed-circuit wind tunnel with a nominal 7- by 10-ft 
test section. Because tests are conducted at atmo- 
spheric pressure, Reynolds number varies with Mach 
number. The facility is capable of test Mach num- 
bers up to 0.9. The LTPT is a low-subsonic pressure 
tunnel with a 3-ft-wide by 7.5-ft-high test section. 
It is capable of pressures up to 10 atm that give it 
a Reynolds number range per foot from 2 x 10 6 to 
15 x 10 6 . 

In both tunnels, the model was sting mounted 
through its base, and forces and moments were mea- 
sured with an internally mounted strain gauge bal- 
ance. Model angles of attack and sideslip were cor- 
rected for sting and balance deflection under load. 
Customary tunnel interference corrections were ap- 
plied to the data. In an attempt to ensure turbulent 
flow over the model in the 7 x 10 Tunnel, transition 
grit was applied in accordance with reference 13 and 
as shown in figure 4. The No. 150 grit was thinly 
sprinkled in 1/16-in. bands 1.2 in. aft of the nose and 
0.3 in. perpendicular to the leading edges of the fins. 
In addition, 1/ 16-in. bands of grit were added along 
the lower body radius. Transition grit was not used 
in the LTPT. Instead, an initial test was made to de- 
termine the Reynolds number at which the changes 
in aerodynamic characteristics ceased. The remain- 
ing tests were conducted at or above this Reynolds 
number. 

The model test pitch range was nominally from 
— 2° to 20°. The model was tested at angles of 
sideslip of 0° and 4° over the angle-of-attack range. 
Data were taken as the model was moved from neg- 
ative to positive angles. Model base and cavity pres- 
sures were measured and are presented as figure 5 in 
the event that base corrections are desired. 

Results and Discussion 

Because the aerodynamic data generated in this 
investigation were to be used in a computer-driven 
flight simulation program, the data were taken in 
a form that would readily adapt to that program. 
The simulator information, which takes the form of 
the basic aerodynamic parameters for a configuration 
with controls undeflected, forms other conditions by 
adding increments due to control deflections. (Other 
increments due to aerodynamic damping, ground 


effects, aeroelastic effects, etc., may also be added.) 
From this information, the vehicle control matrix for 
the flight envelope is described. Therefore, during 
the wind-tunnel test, only a single control surface 
was deflected during a run. (In this case, the left 
elevon or body flap was deflected.) The resulting 
incremental change in the aerodynamic parameters 
was used with the baseline aerodynamics to make 
up the characteristics of the vehicle with multiple 
control surfaces deflected. For example, pitch control 
for an elevon deflection of —20° is made up of the 
baseline aerodynamic characteristics plus twice the 
aerodynamic increments produced by a deflection of 
—20° of the left elevon alone. 

The direct addition of increments may introduce 
errors if the interference effects of one control on the 
other are not considered. Fortunately, the elevons 
and body flaps of the lifting-body model are physi- 
cally separated by a distance that tends to minimize 
interference. Presented in figure 6 is a comparison 
of the aerodynamic characteristics of the model with 
both elevons deflected —10° and characteristics of the 
model with a single elevon deflected —10° and its ef- 
fects doubled. The data are taken from a test in the 
Calspan 8-Foot Transonic Tunnel of the HL-20 model 
(ref. 8). Incremental elevon effects from the current 
investigation were added to the characteristics of the 
model with 6 e = 0° from the Calspan test. The two 
sets of data are in good agreement. 

The aerodynamic characteristics of the lifting- 
body model with controls deflected, presented in the 
following figures with brief comments, were deter- 
mined by adding increments as previously described. 
The equations are 

Cl — a.sic + ACije + ACj^p 
Cd “ C Di basic + + A C D sbF 

Cm = C m ^ basic 4" A C m ^ e + ACy^^Bp 

L/D = C L /C D 

Longitudinal Characteristics 

Basic aerodynamics and pitch control . The 
longitudinal aerodynamic characteristics of the 
lifting-body model with elevons deflected as a pitch 
control are presented in figures 7 and 8. Data are 
taken from tests in the 7 x 10 Tunnel at a Mach num- 
ber of 0.3 for control deflections ranging from —30° 
to 30°. The model is trimmed with controls un- 
deflected at an angle of attack of about 10°. At this 
angle of attack (and Reynolds number), the lift-drag 
ratio is 3.4, which is approximately (L/D) max . A 



positive elevon deflection of 30° trimmed the model 
to approximately a = — 2°, where lift and L/D were 
negative. Full negative elevon deflection trimmed the 
HL-20 to an angle of attack of 23° (extrapolated), 
which is well above the maximum lift-drag value and 
proposed landing attitude. 

The pitch-control effectiveness of the body flaps 
(fig. 8) is about the same as that of the elevons 
in this speed range. A body-flap deflection of 30° 
to —30° trimmed the model from —2° to over 20°. 
Some nonlinearity in pitching-moment effectiveness 
occurred at body-flap settings of —20° and —30°. It 
is speculated that with increasing Reynolds number, 
the flow will remain attached over the body at the 
flaps and the variation will become more linear. 
The control power of either elevons or body flaps 
is sufficient to trim the HL-20 over the envisioned 
subsonic flight envelope. 

Tip- fin dihedral effects. The effect of varying 
the tip-fin dihedral angle from 90° to 0° is presented 
in figure 9. These data from the 7 x 10 Tunnel show r 
that fin rotation, as expected, has a major effect 
on the longitudinal ch aract eristics of the HL-20. At 
T = 90° , the model is unstable and untrimmed over 
the test range. At T = 0°, it is highly stable and 
trimmed at an angle of attack of 8°. Maximum 
untrimmed lift-drag ratio varies from 3.9 to 2.7. 
The model is untrimmed in the nominal operational 
anglc-of-attack range at fin dihedral angles of 75° and 
above. Positioning the fins at T = 50° appears to be 
an acceptable compromise for trim and performance 
(L/D) in this speed range. 

Speed brake effects . During gliding flight to 
landing, adjusting the flight path to reach the de- 
sired site may become necessary. For this purpose, 
the model was fitted and tested with body-mounted 
speed brakes. (See fig. 2(a).) The results of these 
tests with brakes closed and open at 45° are pre- 
sented in figure 10. The rather large speed brakes 
(9 percent of the body reference area) were very ef- 
fective in increasing drag and resulted in an increase 
in longitudinal stability. A 5° negative shift in longi- 
tudinal trim, however, also occurred. This adverse 
effect on trim indicates that a coordinated pitch- 
control input must accompany deflection of the speed 
brakes. Other means of modulating drag, such as the 
simultaneous deflection of all four body flaps, may be 
a better alternative than the deflection of the body- 
mounted speed brakes. 

Reynolds number effects . The Reynolds num- 
ber effects were studied in the LTPT. Figure 11 
shows the effect of increasing the Reynolds number 
from 3.4 x 10^ to 22.3 x 10^ (based on body length) 


on the aerodynamic characteristics of the HL-20 con- 
figuration. Increasing the Reynolds number causes 
little change in lift or pitching moment, but suffi- 
cient change in drag occurs to increase L/D from 3.2 
to 3.6. A full-scale flight Reynolds number based 
on a 29-ft-long vehicle is approximately 60 x 10 6 at 
a landing speed of 200 knots. Note that above a 
test Reynolds number of 10.3 x 10 6 , the longitudi- 
nal parameters remain relatively constant, a result 
suggesting that data taken at the higher Reynolds 
numbers of the LTPT test reflect full-scale vehicle 
performance characteristics. 

Effect of tip-fin airfoil shape . In an attempt 
to improve the subsonic performance of the HL-20, 
additional tests were conducted in the LTPT in which 
the flat-plate tip fins were replaced by airfoil tip fins. 
(See fig. 2(e) and table II.) The effect of the fin 
change is shown in figure 12. Increasing the model 
lift and reducing the drag resulted in an increase 
in (L/D) Inax to 4.3. The changes in lift and drag 
caused an increase in longitudinal stability and a 
shift in longitudinal trim from about 10° to 7°. The 
characteristics of the airfoil-fin HL-20 configuration 
trimmed over an angle-of-attack range with body- 
flap deflection (increments taken from fig. 8) are 
given in figure 13. The data indicate a trimmed 
(L/D) max of approximately 4.2, an improvement of 
0.6 over that of the model with flat-plate fins. 

Lateral Characteristics 

Lateral- directional stability. The lateral- 
directional characteristics of the HL-20 are presented 
in figure 14 in the form of the stability parameters 
Cy 0 , C n01 and C ^ plotted against angle of attack. 
Data are shown for the baseline HL-20 (flat-plate tip 
fins with T = 50°) and for fins at T = 90° , 75°, 
25°, and 0°, The baseline HL-20 (T = 50°) is direc- 
tionally stable, has positive values of C np over the 
angle-of-attack range, and has positive effective di- 
hedral (negative values of C[ 0 ). Increasing the tip- 
fin dihedral angle from 50° to 90° increased the aft 
lateral plane area of the configuration and increased 
directional stability, as would be expected. With tip- 
fin dihedral angle set at 25°, the model had neutral 
directional stability, and at T = 0° it was unsta- 
ble. All configurations had positive effective dihe- 
dral. Therefore, if static directional stability is to 
be maintained, tip-fin dihedral angle must be greater 
than 25°. The baseline tip- fin dihedral angle of 50° 
(which was shown to be a reasonable compromise in 
the longitudinal plane) appears satisfactory from the 
lateral-directional standpoint. 
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Roll- control effects . All lateral-control tests 
were made with the baseline configuration. Roll con- 
trol was accomplished through differentially deflect- 
ing the elevons on the outboard fins or the body flaps 
on the upper aft body. Only negative control deflec- 
tions (upward deflections) are shown. The effective- 
ness values are for cases in which the left upper elevon 
or left body flap was set at —10°, —20°, and —30° 
while the right control remained at 0°. These de- 
flections represent -5°, -10°, and -15° of roll con- 
trol deflection about a pitch setting of —5°, —10°, 
and —15°, respectively. 

Roll effectiveness data are presented in figure 15(a) 
for the elevons and in figure 15(b) for the body flaps. 
The elevons, with their longer transverse moment 
arm, were much more effective in producing rolling 
moment than the body flaps. The simultaneous de- 
flection of elevons and body flaps was not tested, 
and whether their effectiveness values are directly 
additive is unknown. Differential deflection of the 
elevons as a roll control produced about as much 
adverse yawing moment (A C n ) as favorable rolling 
moment (AC/) because of the rolled-out fin configu- 
ration. Differential deflection of the elevons caused 
them to act as much like a rudder as like ailerons. 
The yawing moment associated with body-flap de- 
flection, on the other hand, was favorable and much 
smaller. If the elevons are used for roll control, a con- 
trol device such as a rudder may be needed to offset 
the yawing moments produced. 

Yaw- control effects. Yaw control is accom- 
plished by pivoting the small center fin about its 
midchord. Rudder effectiveness tests were conducted 
in the Calspan 8-Foot Transonic Tunnel and are re- 
ported in reference 8. Although these tests were 
made at M = 0.6, the characteristics are felt to be 
about the same as those at M = 0.3. The data from 
the Calspan test are repeated in figure 16. The values 
presented are for data taken at fin deflection angles 
of 0° and 5°. The yaw effectiveness is essentially 
constant over the angle-of-attack range. The all- 
movable center fin produced only small cross-coupled 
moment, that is, small values of adverse rolling mo- 
ment. The effectiveness of the center fin as a yaw 
control, however, was low. 

Concluding Remarks 

An investigation has been made in both the 
Langley 7- by 10-Foot High-Speed Tunnel and the 
Langley Low- Turbulence Pressure Tunnel to de- 
fine the subsonic aerodynamic characteristics of the 
HL-20 lifting-body configuration at a Mach number 
of 0.3. The results indicated that the model was lon- 
gitudinally stable and had a maximum trimmed lift- 


drag ratio of 3.6. Elevons located on the outboard 
fins or body flaps on the aft body were capable of 
trimming the model over the proposed subsonic op- 
erational angle-of-attack range. The trimmed lift- 
drag ratio was increased to 4.2 when the baseline 
flat-plate tip fins were replaced with airfoil tip fins. 
The elevons were effective as a roll control, but they 
produced about as much yawing moment as rolling 
moment because of the tip-fin dihedral angle. Dif- 
ferential body-flap deflection resulted in lower values 
of rolling moment but produced little yawing mo- 
ment. The yawing moment from deflection of the 
center fin was constant over the angle-of-attack range 
with little associated rolling moment. The effective- 
ness of the center fin, however, was low. A limited 
investigation of the effect of tip-fin dihedral angle for 
the HL-20 indicated that the original-design dihedral 
angle of 50° was a reasonable compromise for longi- 
tudinal and lateral stability, longitudinal trim, and 
performance at subsonic speeds. 

NASA Langley Research Center 
Hampton, VA 23681-0001 
September 8, 1993 
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Table I. Geometric Characteristics of Model 


Body alone: 

Aspect ratio 0.6 

Length (reference length), in 20.6 

Span (reference span), in. . 9.7 

Planform area (reference area), in 2 152.2 

Base area (excluding cavity area), in 2 23.2 

Cavity area, in 2 4.9 

Height (maximum), in 4.7 

Body with fins (F = 50°) : 

Aspect ratio 1.5 

Length (body), in 20.6 

Span (outboard fins tip to tip), in. 16.3 

Planform area, in 2 178.6 

Base area (no cavity and fin base area), in 2 23.2 

Cavity area, in 2 4.9 

Height (to tip of outboard fin), in 5.9 

Elevons: 

Chord, in 1.1 

Span, in 4.1 

Thickness, in 0.4 

Area (each), in 2 3.5 

Body flaps: 

Chord, in 1.5 

Span, in 2.3 

Area (each), in 2 3.5 

Speed brakes: 

Area (each), in 2 6.8 


Table II. Airfoil Tip-Fin Coordinates 



Root chord 

Tip chord 


Upper 

Lower 

Upper 

Lower 

x/c 

y/c 

y/c 

y/c 

y/c 

0 

0 

0 

0 

0 

.10 

.0565 



.0848 



.20 

.0705 



.1058 



.30 

.0777 



.1165 



.40 

.0800 



.1200 



.50 

.0777 



.1165 



.60 

.0709 



.1064 



.70 

.0573 



.0896 



.80 

.0443 



.0664 



.90 

.0249 



.0373 



1.00 

.0050 

- 


.0050 



















Side view 


(d) Tip incidence and toe-in angles. 
Figure 2. Continued. 










Figure 3. Photograph of model used in investigation. 


12 


v/ — 0.3 in. measured perpendicular to 
'SX. leading edge on both sides of each fin 



0.3 in. inboard of chine on 
upper and lower surfaces 


Figure 4. Sketch of model showing transition grit locations (shaded areas). No. 150 size grit was used. 


0 

-.05 
-.10 
-.15 
C p -.20 
-.25 
-.30 
-.35 
-.40 

-4 0 4 8 12 16 20 24 

a, deg 

Figure 5. Pressure coefficient values of base and cavity. 













O Base 
□ Cavity 














O ( 

> Q £ 

1 Q £ 

1 fl e 







c 

' 0 £ 

1 a 







i 










13 








(a) Positive deflection. 

ct of elevon deflection on longitudinal aerodynamic charact 
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Figure 13. Longitudinal trim characteristics. 
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